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Preface

This report applies existing pneumatic transmission

line theory to predict the frequency response of a portion

of the air supply ducting of the Aeropropulsion Systems Test

Facility (ASTF) at Arnold Engineering Development Center

(AEDC), Arnold AFS, Tennessee. The purpose of this thesis

was to conduct an experimental investigation on a scale

model of ASTF to verify theoretical results for frequency

response of this large, complex system of fluid lines. The

verified program was then run on representative ASTF

configurations to determine typical ASTF frequency response.

To achieve this result, the computer program

originated at AFIT by Miller and modified by several others

was adapted to the dimensions of the scale model and the

computer results verified by experiment. Computer results

for the ASTF configurations were then obtained and analyzed.

I would like to express my appreciation to Dr.

Milton E. Franke, who introduced me to fluidics and

suggested this thesis topic. His assistance and guidance

throughout were invaluable.

Mr. John A. Brohas has my undying gratitude for

building and helping design my experimental model. This

excellent machinist constantly kept me out of trouble with

his helpful suggestions and timely work.

I -.*." ii



Lt. Mark S. Briski deserves my thanks for the help

he gave me in day-to-day discussions of our work and his

parallel effort. His assistance led to my better

understanding of the theory and experimental apparatus.

I would also like to thank Messrs. Leroy Cannon,

Harley Linville, and Steve Coates for the eager technical

support they gave whenever needed.

Mrs. Pat Norton, who typed this thesis, was very

professional, patient, and helpful during this critical

phase. She remained unruffled even through the last-minute

changes.

I owe a special debt to Capt. Kathleen Collins and

Lt. Peter Axup for their love and support throughout my

( course of study at AFIT.
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Abstract

The dynamic response of a scale model of the

Aeropropulsion Systems Test Facility (ASTF) air supply

ducting was determined experimentally over a frequency range

from 20-200 Hz. Blocked lines with no flow and orifice

terminated lines with a mean flow were used. The experi-

ments examined the effects of signal input on three

different lines and of using different size venturis. Gain

and phase were measured upstream of the venturi and at the

end of the line.

The experimental results were compared with the

results of a computer program based on Nichols' theory as

modified by Krishnaiyer and Lechner. With few exceptions,

the gains were predicted within 5 dB, and phase angles

withinJ10%. This agreement between theory and experi-

ment verified that the theory can be applied successfully to

large, complex systems and that the computer program was

running properly.

The verified program was then applied to the full-

scale ASTF air supply and results analyzed. The ASTF

results show higher gains at low frequencies and no reduc-

tion in the average gain with frequency. This was as

expected for the large ASTF ducting, which ranges from 4-22

ft in diameter.

( 'AI .:..xii
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DYNAMIC CHARACTERISTICS OF A JET ENGINE

TEST FACILITY AIR SUPPLY

I. Introduction

Background

During the past 35 years, many investigators have

attempted to model the dynamic response of fluid

transmission lines to sinusoidal acoustic signals. The

theory developed by Iberall (Ref. 3) and simplified by

Nichols and Brown (Refs. 1, 10) employed a linearized theory

analagous to electrical transmission line theory. These

equations accurately predicted the frequency response of

lines of constant circular cross-section by modeling the

.signal as a one-dimensional plane acoustic wave. Several

studies employing this theory have shown good agreement with

experimental results for blocked, cascaded transmission

* lines (Refs. 2, 4, 8, 9, and 11).

Subsequent approximations to Nichols' equations by

Krishnaiyer and Lechner (Ref. 6) extended the accuracy of

predictions to lower frequencies. Krishnaiyer and Lechner

.: also obtained good agreement with experiment for fluid lines

with mean flow by modeling the impedance at the end of the

line as the DC resistance.

11



Miller (Ref. 9) developed a computer program based

. on Nichols' equations and Krishnaiyer and Lechner's

modifications to predict frequency response. It has since

been modified to accept a variable number of cascaded fluid

-. lines, both series and parallel (branched).

. Aeropropulsion Systems Test Facility (ASTF)

The Aeropropulsion Systems Test Facility is a

revolutionary jet engine test facility being built at Arnold

AFS, Tennessee. Rather than taking the conventional

approach of testing jet engines by stabilizing on one test

condition and taking data, ASTF will be able to run through

a range of test conditions and simultaneously gather data

without the need to allow the test conditions to stabilize.

ASTF achieves this real-time control of test conditions via

a feedback control system employing large butterfly-type

valves. Using heaters, compressors, and turboexpanders,

ASTF creates four separate flow legs with different

pressures and temperatures in each leg. The control valves

then mix these flows in varying amounts in a mixing plenum

to create the desired temperature, pressure, and flow rate

at the test cell. A steady-state flow analysis has been

performed on the ASTF air supply, but no frequency response

analysis has been done to date. No problems are

anticipated, but due to the transient nature of the system,

some significant disturbances could be generated by the

2



control valves or the rotating turbomachinery. Thus, there

* is a need to study the frequency response of ASTF to

determine its dynamic characteristics.

Objectives

Since the previous experimental results obtained at

AFIT were for small fluid lines, typically smaller than an

inch in diameter and 20 ft in length, some data were needed

on an intermediate size system of greater complexity in

order to obtain confidence in predictions on an ASTF-size

system. Toward this end, the following objectives were

established:

1. Verify that the existing computer program could

be used to accurately predict frequency response

of more complicated systems by:

a. Building a physical scale model of the ASTF

*air supply.

b. Conducting experiments to determine the

frequency response of the model.

c. Obtaining good correlation of experimental

and computer program results for frequency

response of the model.

2. Adapt the verified computer program to predict

frequency response for the full-scale ASTF

system by:

3



a. Studying the scaling effects to determine

the applicability of the one-dimensional

theory to the large ASTF lines.

b. Running the computer program using typical

ASTF conditions and summarizing results.

Approach

To accomplish these objectives, the model will be

scaled differently relative to diameter and length of the

ASTF air supply because of material availability, cost, and

laboratory space limitations. The lines will be made of

flexible plastic tubing and coiled to conserve space. The

diameters will be scaled 236:1 down from the ASTF line

diameters so that available plastic tubing can be used. The

*ASTF lengths will be halved to conserve space and fit

available tubing lengths. Only three of the ASTF flow legs

will be modeled because Leg 4 is seldom used.

The computer program as modified by Malanowski

(Ref. 7) will be adapted to the more complicated set of

series and parallel lines in the experimental model. Tests

will be run to determine experimental frequency response

and the program will be run to plot these experimental

results vs theory.

The verified program will then be used to predict

results for the ASTF dimensions and several runs will be

4
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made under typical ASTF test conditions. These results will

be analyzed and recommendations will be made concerning

their applicability.

-V
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II. Modeling

The ASTF air supply and test cells are shown in Fig.

1. The physical scale model was designed to represent the

outlined portion of the ASTF air supply including three of

the air supply legs which feed the mixing plenum, the mixing

valves, the mixing plenum, and one of the test cells. A

close-up of this portion of the system is shown schema-

tically in Fig. 2. The dimensions are shown here and in

detail in Appendix B.

Figure 3 is a schematic of the physical scale model,

and Figs. 4 and 5 are photographs of the actual model. The

Vthree input lines on the model correspond to legs 1, 2, and
3 on the ASTF.

Lines

The lines in the model were scaled to half the

length of the ASTF lines and were coiled as shown in Figs. 4

and 5 to fit in a reasonable amount of laboratory space.

Preliminary computer runs with full and half-length lines

showed the frequency response curves to be similar, with the

harmonic frequencies doubled in the half-length case. Thus,

half-length lines could be used to model full-length lines

if this factor were accounted for.

.lei
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The diameters of the model lines were scaled down

*\-* --" roughly 236:1 from the ASTF lines, with the 1.117 in

diameter model lines corresponding to the 22 ft diameter

ASTF lines. These diameters were chosen based on available

tubing.

Pneumatic Signal Generator

A pneumatic signal generator was used to input

sinusoidal pressure signals to determine frequency response.

This generator employs a piezoelectric flapper valve which,

when driven by an AC voltage, oscillates at the AC frequency

of the input voltage. The valve superimposes a sinusoidal

pressure signal on the flow through the valve. This

pressure signal was then input to the model through lines 1,

2, or 3 (Fig. 3).

Valves

An alternate method of simulating disturbances

introduced by the mixing valves was a simulated valve

arrangement consisting of an AC motor and adjustable cam

driving two 0.62 in diameter butterfly valves (Fig. 6).

This arrangement allowed the valves to oscillate from 00 to

+240. The valve frequency was 1/30th of the motor RPM.

As flow entered line 2 or 3, the valve, oscillating back and

forth, provided the appropriate area change to create a

pressure signal on the mean flow. The signal created by

12
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1. Mean Pressure Transducer
2. Leg 2 Input Fixture
3. Leg 3 Input Fixture
4. Dynamic Pressure Transducer
5. AC Motor
6. Cam
7. Oscillating Shaft with Valves in

Legs 2 and 3 Input Fixtures

Fig. 6: Close View of Dynamic Valves with AC
Motor and Cam Arrangement
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the valves was unsatisfactory for determining frequency

-l- response, and these valves were abandoned in favor of a

pneumatic signal generator. Chapter VII reports the

results of measurements made on these valves.

Venturis

*The venturis in the ASTF test cell are shown schema-

tically in Figs. 7 and 8. Any number of the venturis can be

closed off at any time, but the cell normally operates with

either two or nine open.

The open venturis were modelled experimentally as a
single opening with a diameter diameter corresponding to the

open area. The area ratio between the venturi and the 22 ft

diameter duct was matched in the model. Since the area

change through each ASTF venturi is small relative to the 22

ft duct, the use of a straight tube to model the converging-

diverging venturi was considered justified. The throat

diameter of Venturi 1 corresponded to the ASTF case with two

venturis open, while Venturis 2 and 3 represent nine open

venturis in the ASTP case.

Since the model venturi was to oe half the length of

the ASTF venturis, but only 1/236th of the diameter, it was

impossible to model it exactly. The two venturi models used

are shown in Fig. 9. Venturi 2 is at the throat diameter

'41
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for most of its length while Venturis 1 and 3 have only a

short throat. These two venturi models also appear in Fig.

5.

Flow Straightening Grids

The ASTF flow straightening grids and Foreign Object

Damage (FOD) screens shown in Fig. 7 are honeycomb-shaped

passages made of thin sheet metal which serve to create one-

dimensional flow into the engine and prevent engine damage.

The model uses 1/16 in thick perforated metal plates to

simulate the flow straightening grids. The diameter of each

of the 31 holes is 0.125 in. If the perforations are

considered as a single hole, the corresponding diameter is

0.696 in. The percentage area reduction through the model

grids is 61% for each grid. The ASTF grids with all FOD

screens in place represent a 48% area reduction in the first

(upstream) grid and 52% in the second.

Materials

The tubes used in the model were of high-density

polyethylene and polypropylene. These tubes were flexible

enough to be coiled, but stiff enough that the walls could

be considered rigid. The junctions were machined of clear

plexiglass and the tubes were joined to the junctions with

either PVC cement or five-minute epoxy.

18
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III. Theory and Analysis

The computer program is the same as that used by

lMalanowski. His thesis (Ref. 7) contains the necessary

background analysis. The theory, based on the assumption of

one-dimensional plane waves, is good for larger lines, but

is restricted in its application.

As discussed in Kinsler (Ref. 5), the one

dimensional assumption is only valid when the wavelength of

the signal is longer than the radius of the tube. Assuming

a sonic velocity of 1100 ft/sec and a wavelength equal to

the radius of the largest ASTF line,

fc 1 cycles
crit Xcrit sec

the critical frequency for the largest ASTF line is 100 Hz.

Thus, the one-dimensional assumption is valid for the ASTF

system at frequencies below 100 Hz.

As Malanowski reports, the computer program

calculates the end impedance as

PendZend Qend

19
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For the predictions on the experimental model, the pressure

.. -"drop across the end orifice was used to calculate Qend:

Qend = CdA

and the flow rates upstream were calculated using the

continuity equation:

Q 0end
Qline Qend P line

The pressures were measured at several points upstream to

obtain the densities assuming an isothermal pressure drop

and using the ideal gas law.

The F-100 engine will be the first engine tested in

ASTF, and its operating envelope provided typical ASTF

operating conditions. The DC resistance, also used to model

the ASTF end impedance, was calculated as follows using

P end and Qend obtained from the F-100 envelope:

Pend pend pend

Qend (M/p ) end (mRT) end

The pressures and temperatures upstream were then determined

from the isentropic flow tables using area ratios. The

steady-flow pressure drops across the upstream lines were

assumed to be negligible because of the large diameters.

The venturi pressures were assumed to be the same as Pend*

20
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Krishnaiyer and Lechner (Ref. 6) found their

approximations to be valid from 0.1 W <W<00, whereW) is

the characteristic frequency defined as:

V A

The value of 0.1 P for the smallest diameter ASTF line is

1.2x10-4 Hz, so the theory should be valid between

1.2x10 -4 Hz and 100 Hz.

-S . 1
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IV. Experimental Apparatus

Figure 10 is a schematic of the major system

components and Figs. 11 and 12 show the arrangement of the

apparatus in the laboratory. The test apparatus consisted

of two major subsystems: the pneumatic signal source and the

signal analysis equipment.

Pneumatic Signal Source

The pneumatic signal source included an electronic

signal generator, a linear amplifier, a push-pull amplifier,

and a pneumatic driver. Appendix C contains the equipment

specifications.

An electronic signal generator in one of the wave

analyzers provided a sinusoidal voltage which was amplified

first by the linear amplifier and then by the push-pull

amplifier. This amplified signal drove a piezoelectric

flapper valve in the pneumatic driver. The flapper valve

oscillated at the signal frequency and superimposed a sinu-

soidal pressure signal on the mean flow through the driver.

Signal Analysis Equipment

The signal analysis equipment, shown in Figs. 4, 5,

6, 11, and 12, included three quartz dynamic pressure

tranducers, three charge amplifiers, three wave analyzers, a

22
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,II.

1. Pneumatic Signal Generator
2. Digital DC Millivoitmeter
3. Charge Amplifier
4. Pneumatic Driver

Fig. 11: Pneumatic Signal Source
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1. Frequency Counter
2. Wave Analyzers
3. Dual-Beam Oscilloscopes

Fig. 12: Signal Analysis Equipment
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frequency counter, a strain-gage mean pressure transducer, a

DC digital millivoltmeter, two dual-beam storage oscillo-

scopes, a mercury-in glass thermometer, a precision mercury

barometer, and a rotameter type flowmeter. See Appendix C

for specifications.

The dynamic pressure transducers measured the input

signal, the signal at the end of the line, and the signal

just upstream of the venturi. The transducer outputs were

fed into the charge amplifiers and the amplified signals

were then input to the RMS voltmeters in the wave analyzers

for gain measurements and to the dual-beam oscilloscopes for

phase angle measurements. The RMS voltmeters measured only

at the signal frequency, and filtered all other frequencies.

The frequency counter provided better resolution of the

signal frequency than was available from the wave analyzer

dial.

The strain-gage pressure transducer and milli-

voltmeter were used to monitor mean line pressure and

measure pressure drop across the end orifice to calculate

flow rates. The flowmeter was used to measure volumetric

flow rate for comparison.

A thermometer and barometer were used to measure

ambient temperature and pressure. Wilda (Ref. 11) provides

a more detailed description of the signal analysis

equipment.
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V. Experimental Procedures

All equipment required a warmup period of approxi-

.... mately an hour. The procedure began with recordings of the

!! ambient temperature and pressure. For cases involving

. blocked lines, the mean pressure transducer provided the

~mean pressure. For cases involving flow in the lines, this

• same transducer was used to measure the pressure upstream of

~the end orifice and at various points in the lines.

q ' The desired frequency was set on the input signal

wave analyzer and verified on the frequency counter. The

receiving wave analyzers were then locked on the output

~signals. The RMS values of Pnpt Ped andPvn

from the three wave analyzers were then recorded. Phase

measurements between Pinu and Pvn and between

P input and P end were made by positioning the

oscilloscope cursor on the point at which the input wave

crossed the axis on the positive slope and recording the

dial reading. The cursor was then moved to the point at

which the output signal crossed the axis on its positive

slope and the new dial reading was recorded. Finally, the

display factor (milliseconds/centimeter) and the mean line

pressure were recorded.

27
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Phase information was impossible to obtain at some

frequencies because of noise and small signal size. The RMS

voltmeter in the wave analyzers were difficult to read at

some frequencies because of noise. At these frequencies, an

average signal size was recorded.

The computer program processed the data for compar-

ison with theory and the results were plotted by the Calcomp

plotter on the same set of axes.
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VI. Experimental Results and Discussion

Schematic diagrams showing how the lines in the

experimental model were input to the computer program are

-included in Appendix B (Figs. 61-63). Tables I and II show

which input line, venturi, end orifice, flow rate, and

atmospheric conditions were used in each case.

Blocked Line Cases

The series of tests with blocked lines was run to

demonstrate agreement with the well established theory for

'.4 blocked lines on this complex model. A comparison of cases

1, 2, and 3 (Figs. 13-20) shows the effects of inputting

S signals at the three different lines corresponding to legs

1, 2, and 3 in ASTF. Comparison of cases 3, 4, and 7 (Figs.

17-28) shows the effect of different venturis (see Fig. 9

and Table I for venturi dimensions). The "mean gains" were

obtained from a visual interpretation of the figures.

The data show generally good agreement with theory

over the entire range 20-200 Hz. Large disagreements occur

in some ranges, especially at low gains. The si-nals at the

end of the lines (P end at these points were too low to be

measured accurately by the wave analyzers. The mean gain at

the end of the lines in cases 1-3 is about the same (-30

~ .. '.~29

4. :, , . .. : , " - , .' . ,' . . - , . , .-.. . ' . . - .



o. dB), which is to be expected. The curves for cases 1-3 show

- the same general shape and show little effect of different

input lines. The mean gain at the end of the lines in case

4 is about -40 dB. This is as expected, because of the

larger resistance of Venturi 2. The mean gain at the end in

case 7 is about -18 dB, which is higher than the other case

because of lower resistance through the venturi. The mean

gains upstream of the venturi (P vent/P input) are about

-16 dB in cases 3, 4, and 7. This is higher than the gains

at the ends of the lines (P end/Pinput), again because of

the venturi resistance.

In general, the gains agreed with theory within

+5 dB with exceptions noted above. Due to the small and

noisy output signals, phase information was more difficult

to obtain accurately. Phase angles generally agree within

+10%, with few exceptions.

Cases with Mean Flow

Cases with mean flow in the lines were run to deter-

mine correlation with theory and to show the effect of mean

flow on results. Cases 6 and 8 (Figs. 29-36) compare the

effects of two different venturis. Comparing case 9 (Figs.

37-40) with case 8 shows the effect of a lower volumetric

flow rate and a smaller end orifice. The flow velocities

ranged from 0.1 to 160 ft/sec.
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With the exception of the gain at the end of the

line (P /Pn ), in case 6, the data show goodend input

agreement with theory. The gains at the end of the lines

did not agree as well with theory as the gains measured

upstrem of the venturis (Pvent/P input), again because of

noise and small signal size. These signal sizes ranged from

2 to 110 mV in cases 8 and 9, and from 0.3 to 10.5 mV in

case 6. The mean gain at the end of the line in case 6 was

about -30 dB compared to -20 dB in case 8, because of the

larger venturi throat in case 8. The mean gain upstream was

about -15 dB in case 6 and -18 dB in case 8, showing that

the venturi looks more like a blocked line (less

attenuation) in case 6. The mean gains in case 9 show little

difference from those in case 8.

An overlay of cases 6 and 3 (same geometry) shows

about 3 dB less calculated gain in case 6 due to the open

line, and about 15 dB less in measured data at the end of

the line. The gain upstream in cases 3 and 6 shows almost

no change due to flow. Comparison of cases 7 and 8 shows

less gain in case 8 at most frequencies due to flow, but the

venturi has less effect on differences between gains

measured upstream and at the end. Case 9 shows about 1.5 dB

less gain upstream and 2.5 dB less gain at the end due to

flow. The curves are virtually identical in shape.

Agreement between theory and experiment in the cases with

9.3
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mean flow was within +2 dB measured upstream of the

"- venturi and +5 dB measured at the end of the line, with

the notable exception of case 6. Two possible reasons for

the disagreement in case 6 are low signal size and the fact

that the venturi diameter (.093 in.) was less than the

diameter of the end orifice (0.120 in.). The venturi would

thus act as an orifice and cause larger attenuation

downstream than predicted by the computer program, which

* models the venturi as a line. The phase measurements in

case 6 were extremely difficult because of noise and small

signals. The phase measurements agree within +10%, with

few exceptions.

General

The data show quite good agreement with theory over

a range of geometries and conditions. The gains are

generally about 3 dB less due to flow. The phase angles

also show excellent agreement where good measurements were

obtainable. The frequency of the first harmonic in all

cases was 2 Hz.
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VII. ASTF Results and Discussion

Schematics of the ASTF lines showing how they were

input to the computer program are included in Appendix B

(Figs. 64-66). Table III contains the system configuration

for each case.

Blocked Line Cases

Although a blocked line represents an unrealistic

case for ASTF, it represents an upper limit on results

because the end impedance is infinite. Blocked lines also

allow comparison of the effects of different input legs

(cases 1-3) and the effect of FOD screens added to the flow

straightening grids (cases 4 and 5).

The results from cases 1-3 (Figs. 41-46) show the

same general trends, but there were larger gains in case 2

compared with case 1 and larger peaks and valleys in case 3

compared with the other two. All cases show greater attenua-

tion at higher frequencies. The highest gain occurs consis-

tently at 0.8 Hz in all three cases, and the gain values

are:

Case 1 28.8 dB

Case 2 36.3 dB

Case 3 24.8 dB
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The results from cases 4 and 5 (Figs. 47-50) show

the same trends as those in case 3, with greater attenuation

at most frequencies as the percentage of blockage at the

flow straightening grids due to the FOD screens increases.

Exceptions occur around 90, 131, and 174 Hz, where the gain

.. with FOD screens is much greater.

As expected, the first harmonic occurs at

approximately half the frequency (0.8 Hz vs 2 Hz) in the

ASTF cases compared to the model. This occurs because ASTF

lines are twice as long as the model lines.

Cases with Mean Flow

Table III shows the mass flow rates, pressures, and

temperatures used in each case. These conditions were

derived from the F-100 engine operating envelope as

described in Chapter III. Cases 6-9 (Figs. 51-58) were

taken from the supersonic regime and Case 10 (Figs. 59 and

60) was taken from the subsonic regime. Flow velocities in

the largest ASTF ducts were about 12 ft/sec in all cases.

The frequency at which the first harmonic occurs is

affected by temperature and impedance. Generally, this

frequency is shifted upward by increasing temperature and by

decreased end impedance. The decreased end impedance of

open lines vs blocked lines would generally shift the

harmonic upward in frequency. The ASTF results show no

effect of open lines on this harmonic frequency because the
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7.4 V . .. . .. ........................

small engine diameter and large engine flow restriction

*. .-; create a very high end impedance. Thus, the cases with flow

look very much like the blocked line cases.

The first peaks of each of the curves occurs at 0.8

Hz in cases 8-10, primarily because they are at nearly the

same test cell temperature. In cases 6 and 7, the first

peaks occur at 1.0 and 0.9 Hz, respectively. This increase

in frequency is due to the higher speed of sound at the

higher temperature in these cases. A comparison of all flow

cases to case 3 shows the effect of temperature in that

corresponding peaks occur at frequencies higher than in case

3 in cases 6 and 7, and at lower frequencies in case 8-10.

The gains at the fundamental frequencies (0.8-1.0 Hz) for

cases 6-10 are:

Case 6 23.63 dB

Case 7 21.49 dB

Case 8 21.60 dB

Case 9 24.75 dB

Case 10 30.99 dB

The mean gains in all the flow cases are about the

same, and match those of the blocked line cases. The data

show no trends indicating effects of flow rate.

65



General

- h The ASTF results show large gains (21-36 dB) at the

fundamental frequency (0.8-1.0 Hz) and somewhat lower gains

at all other frequencies investigated. The bandwidth of the

peak at the fundamental frequency is narrow (3 Hz) and the

gains fall off sharply either side of this peak.

Preliminary results of experiments with the mixing

valves in the model indicate that butterfly valves

oscillating at a given frequency do not generate significant

signals at that frequency. Most of the output is of very

high frequency, probably from vortices and turbulence.
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VIII. Conclusions

1. For blocked lines, the computer program gives

results which agree quite well with experimental data

obtained on the physcial model. The gains agree within

+5 dB over the range 20-200 Hz.

2. For open lines, using the steady-state

resistance as the end impedance, the theory matches the

general shape and gain values of the experimental data.

With the exception of case 6, the data match within +5

dB.

3. In both blocked and open line cases, the theory

predicts phase shift within +10%. Most values are much

better, within +2%.

4. In general, mean flow in the lines reduced the

gain somewhat less upstream of the venturi than at the end

of the lines. This was due to the lower end impedance in

the cases with flow.

5. The data verify that the theory can be used to

accurately predict frequency response on large, complicated

systems of lines. The theory is applicable to the ASTF

ducting below 100 Hz because the wavelengths below that

frequency are larger than the radius of the largest ASTF

duct.
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6. The cases run on ASTF show very little change in

mean gain with frequency. The fundamental frequency occurs

at 0.8-1.0 Hz, depending on temperature, at peak gain values

of 21-36 dB. The bandwidth of this peak is very narrow (3

Hz). The complex ASTF system, with its multitude of flow

paths and valves, is unlikely to see a sustained signal at a

single frequency, but is more likely to see a variety of

. frequencies which will be constantly changing. Thus, due to

the narrow bandwidth of the fundamental and the unlikeliness

of a sustained signal at a single, constant frequency the

ASTF air supply investigated is unlikely to experience a

resonant condition.

1i 7. FOD screens have very little effect on ASTF

results, and the blocked cases show the general trends of

the cases with flow.
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IX. Recommendations

1. The new dual-beam oscilloscopes are excellent

*tools for measuring phase, but some means of filtering out

the high frequency noise due to turbulence needs to be

found; perhaps a low-pass filter could be used.

2. For experiments run on the ASTF scale model, a

method of creating stronger signals must be developed. The

pneumatic driver signals were too weak at most frequencies,

and signals below 10 Hz were small and non-sinusoidal.

3. Automating the data acquisition process would

allow much more data to be taken in the given time.

., 4. An investigation of the frequency range 0 to 20

Hz needs to be made to determine the accuracy of the

theoretical results in this range.

5. More computer runs need to be made on the ASTF

configuration to investigate the 0 to 10 Hz spectrum more

closely, and to take into account more ASTF flow conditions.

The lines in other parts of the ASTF system should be added

to the program, accounting for a variety of open and closed

Svalves, and including ducting up to the compressors and

turboexpanders.
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Computer Program
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W. -7 -7K*Ir . ~ ~ .*. -

(%

Modifications to Program as Used by Malanowski

The program of Malanowski was modified to accept

*' more series and parallel lines corresponding to the

schematics in Figs. 61-66. This was achieved by renumbering

the lines and calculating input impedances for each line

looking downstream, using the standard code strings and

changing the indexing numbers. The gain and phase across

each line in the flow path were then calculated, again using

the standard code strings and changing the indexing numbers.

The gains and phases from Pend to Pinput and Pvent to

p were then calculated by multiplying individual line
inputw

, .gains and adding individual line phase angles. The phase

angles were adjusted to fit the range 0 to -36G deg by

adding or subtracting multiples of 360 deg.

For blocked lines, the mean line pressure was used

for the pressure in each line. For open lines the line

pressure was included in the data field with line diameters

and lengths. The calcomp plotter routine reading sequence

was changed. Plots of gain and phase at *he end of the line

and gain and phase upstream of the venturi are generated.

A-2
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Computer Program Data Reading Sequence

Program

1. Read ICAS: Reads the control variable which decides
whether or not plotter routine is to be
used.

2. Read PL: Read the mean line pressure for use in
blocked line cases only.

3. Read TF, PG, AMV, RE, GAM, SIG:

TF is the line temperature (OF).
PG is the atmosphere pressure (psig).

2in2

AMU is the viscosity/in (- )
sec

GAM is the ratio of specific heats.
SIG is the square root of the Prandtl number.

4. Read N, NLINE:

N is the number of lines.
NLINE is the end configuration (open or blocked).

5. Read DII), AD(I): Used only in blocked line cases
where:

DII) is the line diameter.
AD(I) is the line tength.

6. Read DII), ADI), PI): Used only in open line
cases, where:

DICI) and ADI) are the same as above.
PI) is the line pressure in each line.

Calcomp Plotter Routine

7. Read CASEl): Reads the case number (experiment
identification number).

A-3

4



S. Read NPTS, LSMBl, LSMB3:

NPTS is the number of experimental data points
to be input.
LSI4 is the plotter symbol to be used for the
results upstream of the venturi.
LSMB3 is the plotter symbol to be used for the

~. results at the end :f the line.

9. Read FREQ, PS, PR3, PRI, PHS3, PHSl, FACT, PHR3,
PHRl:

FREQ is the experimental frequency.
PS is the RMS voltage output of the input signal
transducer.
PR3 is the RMS voltage output of the transducer
at the end of the line.
PRl is the RMS voltage output of the transducer
upstream of the venturi.
PHS3 is the "DELAY TIME MULT (DTM) dial reading
where the input signal crosses the zero axis
on the osclloscope measuring phase at the end
of the line.
PHS1 is the DTM dial reading where the input
signal crosses the zero axis on the osc1lloscope
measuring phase upstream of the venturi.

, FACT is the "TIME/DIV or DLYTIME" dial reading
in milliseconds/centimeter on both oscilloscopes
(both scopes must be on the same setting).
PHR3 is the DTM dial reading where the signal
at the end of the line crosses the zero axis on
the approriate scope.
PHRI is the DTM dial reading where the signal
upstream of the venturi crosses the zero axis on
the appropriate scope.
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P0-)GIAO 'Oc,(I'.PLT, .TPUTPL.T,TAPE5=INFUTTAPE5:PLI7 TAPE6ZCUTPUiT.

C ~ .::~ L!%: STLOY/Z-P. ?4ET HCO WITH BRANCH SHCRT OUTPUT

DATA F:/3.141!9.26/

C ToHIS 2CGRAN IS FC2 L3 iNFUTS -NLY
CALL 0 L:'TS( . o, 9)

1 PEACU,9*)TCAS

!-AC(7,w )TF ,Pf~t,"U,2EAMS G

WU' TE( E 2:! )F L -FoP G
2: F:VPAT(11,J' C:*'TICNS:,'XSHL3 lNPtr,5XPHPGAkSE= ,P5..392X

44HT: *FA.1q2XP@HFRAFC: 9F5.21

2..6 F ZI ATUHBLOCKED ZD)

c AE S 71- L%E LENGTH
c 07 !s rHE- L!NE crAPETEA
C A ''E FR t-LINE IAOTCATES THE LINE IS CPE-N AND ANY CTHER
C *%L4d~a !3:CATES A EL:CKEO END.

C

0: '3. ::1 IN
* I~F (LN.G1 GC TC 21

GC TO~ ;91

*9e CCOIT!%4LE

0Z 2.3 I11

* .~, Az( ):3 (0 I )* cI UI /4

1CA:A (I ) - (d .'t F I APU I (AP ( I ) *AAI I

23 CCNTIl%L-

7 -r i~).HC(I7C H~ "1

24 C-iTt.-LE
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0' 2 =1 '

G"4IC2G~hl(CAF-1.

26 F!,( !:=",CA(:)AC(!

DCw 27 .1,

AG:..3G=(U/C(I)

27 27(I A(I..756..?l(o*pG)

DC(1)=2 hQR~bC PiT(1) 1.lZ5*SCRT OPT (I)/d
0) 064 II-;git(/C,dTCyI )-.125*SCRT(CPT(1 1)

0: 29 :,

P. C COLC'JIATES ALPHA AC OETA (ORCPAGAT:C% CPERATCR)
0: 31 :1,9.

U)Trj=i --4 1 ).N (I " (1I'AA(I C) I

CALL R7C4F(ARGltAG2vTEP19TEP.2I
A%( )=A;G1

I~~~~ ~~ AD VI aI/ e

3' 32 !=19h

TE2Jl*Ll)

CAL E4=*CI

SC CALCULATZ3 Z E*C/E!,C L1l c~lyoTICN LSED HERE
!F( L I ~EQE0 I G 0 T IC.

A.: To7 211:~G

C CALCULAT;E Z it, I TI-mU

A~~L:CG 'C4(M

4~ TE~ C:; E~ 5,A-6



*41 TENF=Slh(YE?05)

T 642:= A 1 #'l I O

.. CALL CMPD( A.161 PAR 2 9TEP01 9T ENTEP3 9TEP4

CALL CwPMF( TEO! 9TE"q4TEMI *TE02,&PG1.9Ap62)

*33 BZP*.(! lzEA4
C CALCULAYES Z1% b Ti-Rou IL

TE%#!:8ZPirb

.4TE3=8,() 59

TE4 .:'AC(T I

CALL CALZt. c(AA0G9eAPTEP41,TEM.2,TEM3,TEMA9TEPi5,TEM46,TEMT)
AZI,.(X )=A*cG

!A BZI%(:)=BAPG
C CALCULATES Z 1IN 12 TMAU 16

0o !5 .=12016

TE2e?N(: )
TE4.':AZ4-j(I-j1
TC4=BZIl.(1-11)

:.; ..- CALL CALM~. (AARG 90APG*TE'1 ,TEP2 9TEM'3 TEP449TEM5, TEM6tTE P7)

C CALCULATE'S ;EC~lVI'!G Z FCP LIN~E 17

T~m4:eztX.(iZ)
CALL Z7-6RA(AZCTIBZCT1,TE1TEP4,TE43TE,)
AZ) 7(17) :AZCT!
B?3TtI7)=HZCT!

*C CALCULATES Z IN4 17 .:%CLL0ING R-TRANSOILCER
TV' 1 .:A7Q%(l7)

* TEq.!:A\(17)
-' TEM'4.:D(17)

C CAL L CALZ .(A ZI %1X.BIN I TEN1 9 TE 2 9A ZO I 9 ZOT 19 TE43 9rEM4 TE45 I

* C CALCULATES Z IN. lk AND

TE4A:Z=ER4(I- )

* T E' 7=B%(:)

.14CALL CiLZ* (AZAT OMNZyI TEM19TE.-2 9TEPi39TEPiTEW~TEW E#470?

qo C COLCULA TE,- --CC:VI.G Z g-, LIKE 21
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-PIN * V4:ZI(~

TE44zBZIN(I31
CALL. Zr9RACA?OT!.RIZCT!.,Eu1 ,TEP2.TE143,T(E314
AZI(2 3:A?CYI

C CALCULAESZ 19,FOR L1141 20 INCLUOIt.S, V-711ANSDUCER
TE1:*7flP4('. )

T[M3:EN(2j1

AT.i(2j)=A71I
R71%(' lzZIN[

C CALCUL47ES Z IN 21 TMFU 41

DO 37 1=21,41

T'41:A?%(I

d6TFMS=11 (TII-
T'r447ezN(I-1

C CAL L C4LZ V. tA?1t,! 9871 NT .TEm1 9EP2 TEP39TEP *TEw3 9TE"69Tr:P7
A7T i ( I )AllI

4 C CALCULATES 4ECF1VTNrC Z FOR LINE 42

Tr4:. eN(41)
T FM3= A7 IN4 ( 1

'4CALL 2;-BRA(AZ -oif)CT1,TEP1 TEt*,TEM*3,TEP*3
A?)T(4*')=A7CTI

C CALCULATES 7 IN~ FOP LINVE 42 INCLUDING P-TPANSDUCEq

Tir4' :8ZQ'4(42)

TF'43=:%(42)

CALL CAZ (71lRI1TM*E2AC11279E3TMOE5

R7N(*4?)=971N1
C CALCULA TES I I. *3 TNRU *4F

no !9 1=4390~

'EMI t A?p%1 (I -1

TEM2=-ANQ(!

C CALCULATES 4ECuvIVINS Z FOP LINE 49

TE4':A?IN( 3

CALL Z :RA(AZCT1,BOT1,TE!,TY'2'EM3EME5TE463
A7a)T(*4 I:A~cTI
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C CALCULATES Z IN. FCP LI~i 41 INCLUDING P.-eRAtNCMES

TEM1:DZN(9)

Tr5=2:R7N(4!)

C CALCULATES1 7 IN 50 ~D~

TE?41=:PZPPW I

T'*I'E( I

I E = PN( I( I
CAL.L C ALZI I'(A 71 1 1h I TEM! 9 1E P2 iT EM3 9TEPP TE "5 9TE M6 TE M7)

P 7!' (1 r 7 1.

.$\ (>~~ C CALCULATES 2 If. VIG AN F2RLM 3

T[i4!:AIN(!-21)

.5 PIZ'JTA(I ~lI

TE4 ?=P'!14( I

C CALCUL AD" 3 C!II I IE5
1 =- 3,~

CALL IFALZ .A7zT .IRZIr 9TEMITE2 *TZC3TEzozTWT4*,E
AZ7!(T I:AZC.TI

*C CALCULATES Z It, 53 ANCOD% P-RA5U~-

T-M 4:AC (I I

7E R7I'(I):92V!~

C CALC'JLAICS 2 Ik 546~n!

T A% I

A?EqPA(II' 80(1

Ifi R711 )=B. 01



-'77.

T !M! fl *( I I*AD( I I
TE4F=CCS( TER5)

T SM 3= A; 62*tf*P

CALL CvgD1V(ADG! *APG2*TE"1qTES2,TEM.3*TEPt)

trA~JTCALL CpOt)F(LEP .TEW.,TEtP1,TrP2.ApG1 ,APG2)

C CALCULATES 7EL!~ It 57 LE5

.17

1TE'46=AC~(9)

CALL tZIP(ACY ,PZCTTP1 Tr2TM9E,.4TPTR9E7

C CALCULATES PECi'V!, Z1 FOPL~eC LIKEA'58

AT %(5= :V7'1

T 1: AZ % i

CALL ? 4AEA7VCTI.PZCTI&"EP2 TEI'2,TEP43,T1P4)
AZ,)T(9A I:A?CTI
F17,7T(!;, IR70T!

C CALCULATF- Z IN: 5P( :1CLUO!~c P-TRANSCE

CAILL C3LI I-(AZ7111 v 7II ,7EM I *TE 12 *A ZCTI vRCTI oTF043 TEM4 9TEM5)
47T%(9' ):A?'!

C CALCULAT173 R17C!V!PvrG Z FOP LINE 60

*: ~ CALL

T*4413 6;

CALL ~ ~ ~ ~ ~ - 0At(ZN RII9E1TM2*Z79ZT TM9EW05
-. 4,- )= 7:j



A ,. T** 6~(1 1AZ fT II
C CALCULATES I1& If1 'ANCLLCIhG R-BPA%Ch

TFV!=AZPN((E1

!CEa 3=0%( 6 1)

CALL CJILP14 A?: t I 9RYT AilTEM1 ,TE2 *AZCTI *BZOTI 9TE141 TE144 9TE'5 I
AZVN'6 ~ AZ ;N I
" 7T 14(A 1 =:87IN I

C CALCULATES 4ECETI'IJ6'; Z FOR LINE 59

TEM3=A7t'd(5! P
TEMtR71PdE'!)

AZ) T ( 5 PA? CT

C CALCULA TE.3 7 P. 5Q !NCLLDING P.-HRANCH

TEMI:A7J(5)

T(M.=TP(!5')

CALL C*LZIlI(AItIRz~d .TEM1.TEP2 ,AZVTI .9ZCTI ,TEM3,TEN4,TEM45)

C CALCULATI:S qECEUVINIG Z FCP LIKE 62

Tf.M?:A71N(5c P

CALL Z HAAC,9ZTPEOlTM'7PsE4
AZOT(G2 ):A7CTr

C CALCULATES Z 11 62 TNCLLDIP.G R-SQANCH
TEMI=A7N(6Z)

T''i4=AO(62

TE"5=871(I-1

C ALL C ALZI 14 !zt.1987?IT.TEMI ,yEF2,TEP:3TI 98ZTEW,T1 EM4 TEP I
A 71 %(6I = Al; I N

C CALCULATES ZiI :N ILIN 63TPANVUE4

T1:17=B

CAZlNCI=AZP3
SP415~TEF

C ACLTES0:A(11).AO(11 ON RTPNCU

SIM r1sIP."(EFqF5

A-li



TE'I2=AF-G2*SkBZ1

AZ!N?=AD7fT(Tt

CALL C"PD%(7EP171TEMIqDZCTI*RZOT1 ,AZI141,BZINIl)
CALL CMI FfT 3,JP E19 N EP TEP.I
TE*4:=AVG2-C Il

T'!M"= P,% (I )

CALL C9PVUEP7.TEV4O*ZT1,EZCTrTEM9,7EF~fn
CALL COOPO(TP1 9TEM^9TEv7TLWTEV4;E59TE%,)

Trv4':TEP,-'Ev2
TE4F=TEP1 .tEPM1#EM2-TE9'2
R7rvAf1)=ATAP.,(TEM29fPI)

C CALCULATES P17/P199FIP~IF11
Dr 42 I=1RI .

C IR 71 =C 3(T FPr)

TO!:az4% t ) o AD (I)

c* 'Ar.2*$ V~i I A

CALL CVPD%(IE W" 9TEP. tI 901I ,811 NJ I AZI&UI zNi)
CALL ci~MF( 'E?1 ,YTr-4 T -079TEMA9TEM1 9TE02

TEAV=~RZqW()
C ALL CIPVT-07*E- A!' SI 19EV9E1

CALL CI'FPF(TE'1 ,TEM2,TEP'7.Tj~eTEP5TE'6)
TrM4t=Tr#3-TE MI
Tr:2TFtI174-TIP1

42 rfT( *-I)='. AtC1'(TF (.I2)
*C CALCULATES ri/~ -'CLLCI14G R-TRANS-OLCER

T -4 = .e ( I) AD( I
C'I I I: *S (- II

T'..4P=Aj (1 1#AD( T

A P1?2SI hP (T FPF )

- TEM,? or l 'N V

A 7)TX :A70T( I
RZ) 1I:PICT(! I

CALL CPFroV(TEP7,Tr'4FAZCTIgvRZOTIAZIliR?T'I)
CALL CPrPF$CI'TENe.TE.'7TEMq~,TEP1 TEP,2)

A-12



-3 -- J 7-1 -O Y 3 9 0 - 7 -J 7 7 .. -. - . .

CALL CWD(E4i'E~AC~SO1T1glM('

CALL CVPPIFTE III vTE29E79 18 r E6

TfmN!:TEPD,-TEM2
?rrwvTf:P.T7Pl-TE42 TEP2
9ETA(I )=ATAIh2(TrP42,TEPlI)

RT(I-11 I2SOPT(IEMrPT 1-

C CALCULATES P2rPP1 IHF:U P40IP4l

Rz:\IlrzIN(TFP)

TE"2=PQG2*CNBII

> ( CALL C PDVUTEP7,TEMPiAZ?!IlBZIlNI1,TAZTEI1))NI
CALL CqPMPF(!EP3I 4TP~oE87ElT12

%TEM5:TEPI.T&rlw(42.l

0I G 0 l4?

TET E PI 2: FFO2~Ii IE4 TF

P20 1-j:=7OT(T P

Tn NI:ATN(I)C!

ALL =SNH'FF

41071=AZOTIl

CALL CPOqP(7EE1 .TEPT9i71TEIT' vrINc9yEIv6,

CAL
T.-L~C.~.L.L!1L E4 9 -- AZO

A-13
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"LT Al11=A TAi2 (TI ',EPI

C CALCULATES P42/P43 T14RL F47/FAP

S Pvll TI I I E P )

AQG=S!%mI'rfPPI
T r I 0G ! & C B1
7 4 ? A 2 * FRI

AZIIIAZI~T (-

CALL C*PpOVITC7 9TEPO AZIT 9R21 NII *AZIhI YIZI~r)
CALL CYwFI(E P3 YL49E7TE ,sTPTEP,'

TEQ11z:RZNI:)
CALL CIPTI7TP*ZNl9~&lrvE9T#I
CALL CMPWPF(TEP1 ,TEP',TEP7,7LM8.Tc P9,rEP6)
TE141 =T t3-'TPI

TEOTE"l.I4PjTEO2TEP2

C CALCULA TE" t)41!fr~7 NCLUDINC, R-BRANCHES

s.o 1~R1=s v v cpop)
4 VEMFi:! ( *a( I

A -i: C' S4V rPPI

OPGG=.i H I I
TZ' I =97 AnltI*!-

TZ F"'IYArZI* PI

47:%I=P?:%I ;)

CALL C DOIEO'7,TE"PD7'PTIHZCyi ,AIrIHZIHl)
CALL Cm)F'&,E09E77M9EIE2

CALL C"PO(IEP7,Trwij9AZCTI9L3ZOT! oTEP9tTEP10,
CALL C'PDPFfIEPI TE"ZvTEP7*TEPP9TEM'59TE~rF)

Tr"22TE1PA-TE142

2TP(I-1 l=SOvTIT!7mP)

C CALCUJLATES P4A@,r5fl

A- 14
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7 T4P A%( I)* AN II
Ac;! :C SM (EPP)

9. TE'41ARG*ClRIl

TEM2=:lG2*St8Il

A 1 iPt I =AZ I P -

AZI '41=AZ1ft( 11P
871 1I:RZIp" It)
CALL CWIPDb(TEP7,TEMPA7IN1,NZ!..Z1,A21N4,RZ4I)
CALL CfOPPF(7EP3vTEM4TP?TEPTEPl 9TEP2)
TrM-jAQ62C',3I

* TEP.1OBRK(l

CALL CMIP14F( EPI TEF02TLPO7.T P39T E15TEP6)
T5F4' TEP3-TfPI
T:MTc'00-7 42
TE40=TE FFI*'FAIlTEP2 %TElPZ
RT*(I)=ATAP.2fTEM.2q.EPI)

PP(1-1)=SDP7(TEMF)
WI r;,PC1-1 )=2C.#AtrCIC (OTP(I-I))

C CALCULATES F~nfF62 *ANCLLC~ftfp R-fPA'C

I =,;2

CIZRI:CCS (T!jpP)

%I l T4c:*% (I).AD( P

T FM = fn: G 2 * ?-PR 11
A 7-1T I =A OT( I )
nZl TI:H? T(:l

Alt U:*ZIN( I)

C AL L C"Orflf TE I sT Em9 ,Az7TT 9 ZOy A7I Nr Rzi w
CALL CUP Ft-EPI TEP4vT!:O79TEiP,7EP IP TEP2

TF45A"-G2*C'8II

T f i 4 11214( 1.
C CALL CuPDVTEP? vTFP,AZCTI9RZO~T ITEM99TEM1'I
CALL CldFlF(7El 9( T1'*ZTEr*7qT.P~E5,TE'4)

Tr'42:T9 a. P-EP'?
Tr=TLP'1.TEM1. Em2.TEPZ^

pr7 ( I q~1 .. PI )*R-- A (I )

C CALCULATES P" Ip,3 AND0 PE/P
DC 45!=.30

- . CsRlICOSfTEmpl

T F IitAP: f I. - AD

T E 1 2 z AQ fG2 I P b I

A-15
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*~~ 7. A-Pq-AIN

C ALL CvPV( TEP7,sTFP%*71ZNI 18ZthrI19 AZINyTr7P1,
CALL COFNFITEPZTEM4oTEM7,TE4PTEP1 ,TEP02)
7 :rAr2Cf'TI

Tr2Mo=RZp~j(?)
CALL C#AO(TE7.TE,*Z1A~N1,e7PdTE~,TEu1C)

*.CALL CooPFTP TPqEPqE~T179E6
a: TE"I=TFrP3-'fMl

Yr4Z:TrfP4-TF-

AA(tP:ATAf2(TE2*E1)

45 (~T-1)=2i.*ALOG1f(rTP(T-1))
1. ~ C CALCULA7E3 GA!N 41/(3

'PI1=1

PTP1i=F TFTI*RTP(62 )'RTP(63)

C CALCULATES GA!' 19I#-3

47 OTPT2=cTP72*RTP(I)
IPTfl2=PPTZw OTPT1

C CALCULATES GAM,~ 11/ES

C CALCULATES FHA71 AtCLE 42/64

4,Q HrTAjqzRET~1R4FpETA( T)

418 RrTAIPZHETAlP#RFTA(l)

C CALCULATES FI4Ac ANCLF "/64
HrTA2R='

5~HETAQRPETAZP*BETA(I3
H7T A~q=9?TA.qRRTAI9
4R'TA2Df-li.fF)MTA2R

C CALCULA T'5 rHA-t APNrLE 17/64

5 1 1:17,]5
4-1 H7A3Qz~.ft'P#R(TA( Ii
H T A3RPP-TA2'Q4H'TA2:

-' !F(PrJTA'.LF.,.) Ir-C TC r!

HT 2~RT P ~
i r IF ( HCT A -. f, E F I ) O T 54

RT A3RP~:ETA13R.TF1

54 t3!TA3D:(j8.fPKI4RETA3P
55 TF(IlETAteI~r) 'o Tc !-6

HrTA1 P=9TAIP-TPI
I;r, T) 53

!6 'x(P!TAIR.GE*-TPI) CO TO 57
Pt.TAI P7:PFTA1P4Trj
(P- TO -'

15T RlTAln=(r-lpjP)*PEYAIP

0:, 1 VO)A(Xo .?X9le9Y9l.9X9looXFl1.4)

A-16



OR V I=. GD-.

PHAl3(Iqp:IFTAlr

f* n C -31T INUE

'CG" 1O (15if-11 v IND

110=2 j
GC !0 40

C
-d ~~~~C ***~* .. *.eee.a.*b**0***e***..egO.

* ~~~~C ** ........... e....e.....o.*..,...

C *. .*....* *..*.*,*,**,****40.*t,*.
c **

C *******.~~e*t** **.****4OO.b*****te

C .. e.*...4Oe.OOOeOeeOe*4*et h**eOe.

C **~***,.O** *******~t.****~i**h****

C THIS 3ECTI)P: IS FOR THE CALCCFP PLOTTER. CNE SET OF
C EXFL'N t ~AL DA'A FUST HE INCLLDEG WITH EACH RUP1.
C
C NprS IS THE NJLOREF CF EXFERIPENTAL POINTS TO HE INPUT.
C LS"Pl13I TIC' PLUTTER SYMOCL TO RE USED FOR GPI AND PHTl.
C LS"R3 IS IN FLCTTEr SYPROL TV FE USED FCR 4;P! AND PHT3o
C S--! A CALCCVP PLOTTER USERS MANUAL FOP DESCRIPTIOP.
C FO:QD P;,FP^3PS9A~rg~ AND PMRI ARE THE INPUT
C EXPERIVENTAL VALUE--
C F2'EG IS TI-F PEASUFEE FREQUENCY.
C P! IS THE MrASUPED INPUT DYN4AMIC PRESSUPE.
C Pc3 13 THE PIVASUEO DT'JAPIC PRESSURE AT THE END OF THE LINE.

.~ C PO!. IS TI-E vEASUIEO DYNAMIC PRESSLRE UPSTREAP OF VENjTURI.
-4C P"',3 IS -- , DIAL PEADING ON THE CSCILLrSCOPE WHERE THE

C I'.nUT ;-IG?.Aj. C&CSSES THE ZEPO AVIS ON 'THE sCnPE PErAS-
C U--%G THE '-7GNAL AT THE END OF TPE LINE.
C P431 IS TPIC DIAL READING ON THE CSCILLCGCOPE WHERE THE
C I11DUT 3.trNAL CPCSSEE THE ZE 'O AXIS nN THE SCOPE MEAS-
C UcI~r THE GN L L!TFFAP OF THE VENTURI.-AC FACT 1^3 THC MLLTIPLVIKG FAVTOR ON THE CSCILLOSCOPE IN
C MTLLISECCNnfl3/CENTIMITER.
C PH43 AN') 04PI ARE TI-E DIAL PEAorp-GS ON THE CSCILLOSCOPES
C UH?--'E TPE-* IGNAL AT THE END OF THE LINE AND UPSTREAM OF

c TK VE',TUP: (PL.SPECYTVELY) CROSSj THE ZEPC AXIS ON THE
C Afpipr IAT$ Scrr'E.

4c THIC FRCGqA'D TI-EN FINDS (FH33-PYH3) ANE POULTIPLIES THIS
D10FFEDENCE TIFFS THF FACTCR TO GET THE PHASE SHIFT IN

C "ILLISrCONID%
c
C...**900
C
61~1 IF(ICA7132,.Z961
610 C3LL SCALE('RiT9!S.,P,1)

L CALL SCALUJPT,5.,R',1,

CALL Aw'S(. .,'.1THPREQUE%CY(HR~,18.?.Ol(1,O;M.)
CALL AXS ,.XHAN(DECI8ELS),55.,9r.,ORT3(m. ),

CALL IErYT3,I,)

Wtl TE(-. ,2C!')CA' l.(1
2f3 FmPAT(IW,9A2)K WO!TE(69217I
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.J (l
L ~

'3j9 1=19NpTs
P FA 0(59 * )F F EG*pR.3,PP 3 qPPH53 9PHSI 9FAC T 9PNR3 vPtq I

PHT =(F4S3-F4P.! IFACTeFPEGa*:.36

% Wr ", ~~~T E ( 6 2.lGWO 9SPI PMT 1 96r 3 9HT 3
2f9 FOR PAT i 2VT*-F12. 0

OR! ( r)=GP 1

0R3(I )rfp3

I F( P MT3 E.;-.) SC3 T C 6(

J WA X =J
LC Tl F(ONTI.-EC..J GC 'C 69

% PHI (L)=PNI

L P A V =L
6~ C "4T 14U E

Dfl(NPTS.1)=DPT1(1W#1)

CALL L fE( OX9V3 PS9 PSP3
CALL PLIT U~ I.%79 .- 3; :CALL r:CALE(FHA,1i:5.,:11

C A*- L AX !S ( 9,!'. .1 7HF0EGLErJCy (HF.PTZ v-1 7 9F.*0 9CMG( 041I.PG(M#2)
C CAL L AXTSU-.q'*21HFHAl,! ANGLE (DEGREES)92195.,0 0.,PHASE3(M.1I,

4DWAE3(10#2))

CALL LINE (01GPHASL.!,p,1 903)
Qw'cI (LA X.23)VG(Oq4l)

0*~ 3 (JrILA X#~ I =PG (00 41

OPvS3JPA42:PG(P42 I

P141 MBX.(21=HA E1(W.2)
* P$t3 (J"A'W.2)=PHA:E3(P42)

CALL LT E(rP 39H3J'C,1,-1L'PR3)
107' CALL PL'T(lr., 9-31

CALL AX-;f oq'.q5HraAIN fDEClH[LS3,15.q,9r.qnW~1(m~j)q
*DflT I f~. 'A

C ALL L 114E (C)G tPT 1, 1 q 94
CALL L INC (t~wGX(rRl 9NFTS *I9L~IU)
CALL PLr T(:.r: -3)

CALL AXISU .9 .92tMPHA3r AN.GLE (CEGREES)9,1o.o,0 O.PHASE(P*.It

CALL 909(!~.H~t~IC3)
CALL L:kE(CPrFI PHI,9LPAX919-19L':H1
CALL PLCT(2(.*cqi -3)

5'1 CALL PLCTE

502 STO3P .

-. A-18
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~~ C CALCULATES POCT VF A CCPPLFX hUP'eER

SU4qOU~'I'E FTClAP(X*Y.A*8)
CALL AtG~TEP~R

XK;CR (V )
X=SQRT(10)

C PLLTIPLTES ThIC COPFLEX PUPPERS
* SUflCUT P11 CMPP':( XIq~lA,2,81,P2)

Y=A1*R'.*A2.P1

* - END

C FIJOS 'HE QUITIENT CIF TUC CCP4PLEX NLMSIWRS
SU'1ROJTI11 CPPPVCi C2,8IA29RI ,P2)

C2=Pl~iZ-Al*R2

E Nnf

SUW.OU'TNc HSTNX(AR~vX)

9= KP(-X)
A =4t - F

P rP (R 1.

A :44 P

R ET V R N'
E 1!0

SUOU7,141 A~iGL(C ,A .R
oA'A P!/ 3 .1 4 1 9 6 /

C =A 'V. (C )
IF (A.rT.2.) Gfl *TCf
I A:1
r,) -37

I I F (B.rT.I .) G*( TC IC

ro 10 19

2 r C-C -PI

27 C=-C

EN
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'.4 ~-SUO'CUl'NE CALZl.(AZI.' ,eZIN19AZPN1.OlPN1,AZIN2,RiZIN2,AN19011,

T' E* 49~)= NI*C

CALL HCCS)((APG19TEMqF)
CALL HST'MXARG.-TEMPP)
T F4vRT 4l.DT1

* CI971=COS(rMP)

4CALL CNN(EP Tf'qAT2RI2AG*P
CALL CUC-E('tEP3,TEMe,5ZON1,HRNL,1AP G2,?P)
CALL CIOPMF(TEO,TEME9 AZN2FRZIN.",ARG2,Zq)
CALL C";PMP(1EPI7,TEFAZN1OZRI.t,*RG1,?0I

AI=TEM1.TEP4
AITEMI*TEP47
A2=TEM5*T E?

CALL COOFMF'rE*1.rEuw,a91,e1.CSeRI*Zo,
CALL CpIPMF( rP'$,TEui',A2,P2,CSexZPI
CALL CPrr(E',r,*l~t~SRl
CALL CmF(7EP3,tTLM~4,A2,,27S 4 BI1

TE41=TEP74Tn.Vc

CALL CMPD'4(TEPlTE'42,T7Er#3,TEP4TEMipTE.A,
CALL CMPMP(AZthIZIP1TEM.1,TEvM,AZP.Nl.BZRNI
PErUAN
EkD

SURIOUTI% 7EIP A(Cl9C2qA1,AZBjs,2)

CALL CPPOV(APG1 ,AFG2.C1 ,029AlA2)
CALL cvpov(Arfn',AFVr,qD2.M1 ,R2)

AQ7#l=PG2*ArGA
CALL CPwDI(C,C~,OI' ,D2,ARGIARG2)

C CALCULATES Z FCr 3 LINES CCppirG flNTC 1
SU9JUT'NE ZERFA3(D1,ED2,AlqA29RI ,e2vClC2l
El2l

CALL CwPOV( AvG:,ADG,E1 ,E2vAI,AZ
CALL CmPflV( A'G39A. '",vE1 ,E2.H1,R21
CALL Cw DV(IA#. ,AcGEElE2,C1,C2)
AFP -s G *AtG3*AtGI)

C68-L CAwrqVfnI 9% 9Fr1r2qARGq1,ARG2)
Prrup%

E..
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... -Appendix B

Complete Line Dimensions
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Figures 61-63 are schematics of the experimental

model with the signal input at lines 1, 2, and 3,

respectively. The model lines entered in the computer

program were numbered according to these schematics. The

line diameters and lengths for each case are given in Tables

IV-XI.

Figures 64-66 are schematics of the ASTF lines with

signals input at legs 1, 2, and 3, respectively. The ASTF

lines entered in the computer program were numbered

according to these schematics. The line diameters and

lengths are given in Tables XII-XVII.
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Table IV

Case 1

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.375 0.020 35 1.117 0.0001
2 0.375 0.020 36 1.117 0.0001
3 0.375 0.020 37 1.117 0.0001
4 0.375 0.020 38 1.117 0.0001
5 0.375 0.020 39 1.117 0.0001
6 0.750 102.0 40 0.093 0.715
7 0.938 0.250 41 1.117 0.381
8 0.938 0.313 42 1.117 151.5
9 0.189 532.50 43 0.696 53.25

10 0.818 103.50 44 1.117 151.5
11 1.117 0.024 45 0.622 53.25
12 0.052 0.024 46 0.622 53.25
13 0.052 0.024 47 0.622 53.25
14 0.052 0.024 48 0.622 53.25
15 0.052 0.024 49 0.818 96.0
16 0.052 0.024 50 0.818 96.0
17 1.117 198.0 51 0.818 4.375
18 0.696 0.063 52 0.818 4.375
19 1.117 198.0 53 0.818 1.50
20 1.117 0.620 54 0.818 1.50
21 1.117 37.283 55 0.622 41.25
22 1.117 0.0001 56 0.622 41.25
23 1.117 0.0001 57 0.622 41.25
24 1.117 0.0001 58 0.622 41.25
25 1.117 0.0001 59 0.818 108.0
26 1.117 0.0001 60 0.818 132.0
27 1.117 0.0001 61 0.818 90.0
28 1.117 0.0001 62 0.818 0.0001
29 1.117 0.0001 63 0.0001 0.0001
30 1.117 0.0001 64 0.0001 0.0001
31 1.117 0.0001 65 0.0001 0.0001
32 1.117 0.0001 66 0.0001 0.0001
33 1.117 0.0001 67 0.001 0.0001
34 1.117 0.0001 68 0.0000 0.0000
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Table V

Case 2

Line Diameter. Length Line Diameter Length
in. in. I _in. in.

1 0.375 0.020 36 1.117 0.0001
2 0.375 0.020 37 1.117 0.0001
3 0.375 0.020 38 1.117 0.0001
4 0.375 0.020 39 1.117 0.0001
5 0.375 0.020 40 0.093 0.715
6 0.750 102.0 41 1.117 0.381
7 0.938 0.313 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25
14 0.052 0.024 49 0.818 96.015 0.052 0.024 50 0.818 96.0

16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.620 55 0.622 41.25
21 1.117 37.283 56 0.352 0.063
22 1.117 0.0001 57 0.093 0.625
23 1.117 0.0001 58 0.818 1.750
24 1.117 0.0001 59 0.818 108.0
25 1.117 0.0001 60 0.818 90.0
26 1.117 0.0001 61 0.818 132.0
27 1.117 0.0001 62 0.622 41.25
28 1.117 0.0001 63 0.622 41.25
29 1.117 0.0001 64 0.818 1.50
30 1.117 0.0001 65 0.0001 0.0001
31 1.117 0.0001 66 0.0001 0.0001
32 1.117 0.0001 67 0.0001 0.0001
33 1.117 0.0001 68 0.0001 0.0001
34 1.117 0.0001 69 0.0001 0.0001
35 1.117 0.0001 70 0.0000 0.0000
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Table VI

Case 3

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.375 0.020 36 1.117 0.0001
2 0.375 0.020 37 1.117 0.0001
3 0.375 0.020 38 1.117 0.0001
4 0.375 0.020 39 1.117 0.0001
5 0.375 0.020 40 0.093 0.715
6 0.750 102.0 41 1.117 0.381
7 0.938 0.250 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25

, 14 0.052 0.024 49 0.818 96.0
- 15 0.052 0.024 50 0.818 96.0

16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.620 55 0.622 41.25
21 1.117 37.283 56 0.352 0.063
22 1.117 0.0001 57 0.093 0.625
23 1.117 0.0001 58 0.818 1.750
24 1.117 0.0001 59 0.818 108.0
25 1.117 0.0001 60 0.818 90.0
26 1.117 0.0001 61 0.818 132.0
27 1.117 0.0001 62 0.622 41.25
28 1.117 0.0001 63 0.622 41.25
29 1.117 0.0001 64 0.818 1.50
30 1.117 0.0001 65 0.0001 0.0001
31 1.117 0.0001 66 0.0001 0.0001
32 1.117 0.0001 67 0.0001 0.0001
33 1.117 0.0001 68 0.0001 0.0001
34 1.117 0.0001 69 0.0001 0.0001
35 1.117 0.0001 70 0.0000 0.0000
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Table VII

Case 4
'4

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.375 0.020 36 0.203 1.907
2 0.375 0.020 37 0.203 1.907
3 0.375 0.020 38 0.203 1.907
4 0.375 0.020 39 0.203 1.907
5 0.375 0.020 40 0.203 1.912
6 0.750 102.0 41 1.117 0.425
7 0.938 0.250 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25
14 0.052 0.024 49 0.818 96.0.i,-.,, 15 0.052 0.024 50 0.818 96.0
16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.425 55 0.622 41.25
21 0.203 1.907 56 0.352 0.063
22 0.203 1.907 57 0.093 0.625
23 0.203 1.907 58 0.818 1.750
24 0.203 1.907 59 0.818 108.0
25 0.203 1.907 60 0.818 90.0
26 0.203 1.907 61 0.818 132.0
27 0.203 1.907 62 0.622 41.25
28 0.203 1.907 63 0.622 41.25
29 0.203 1.907 64 0.818 1.50
30 0.203 1.907 65 0.0001 0.0001
31 0.203 1.907 66 0.0001 0.0001
32 0.203 1.907 67 0.0001 0.0001

a' 33 0.203 1.907 68 0.0001 0.0001
34 0.203 1.907 69 0.0001 0.0001

35 0.203 1.907 70 0.0000 0.0000
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Table VIII

Case 6

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.375 0.020 36 1.117 0.0001
2 0.375 0.020 37 1.117 0.0001
3 0.375 0.020 38 1.117 0.0001
4 0.375 0.020 39 1.117 0.0001
5 0.375 0.020 40 0.093 0.715
6 0.750 102.0 41 1.117 0.381
7 0.938 0.250 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25( 14 0.052 0.024 49 0.818 96.0
15 0.052 0.024 50 0.818 96.0
16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.620 55 0.622 41.25
21 1.117 37.283 56 0.352 0.063
22 1.117 0.0001 57 0.093 0.625
23 1.117 0.0001 58 0.818 1.750
24 1.117 0.0001 59 0.818 108.0
25 1.117 0.0001 60 0.818 90.0
26 1.117 0.0001 61 0.818 132.0
27 1.117 0.0001 62 0.622 41.25
28 1.117 0.0001 63 0.622 41.25
29 1.117 0.0001 64 0.818 1.50
30 1.117 0.0001 65 0.0001 0.0001
31 1.117 0.0001 66 0.0001 0.0001
32 1.117 0.0001 67 0.0001 0.0001
33 1.117 0.0001 68 0.0001 0.0001
34 1.117 0.0001 69 0.0001 0.0001
35 1.117 0.0001 70 0.120 0.672
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Table IX

Case 7

.; .%

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.375 0.020 36 1.117 0.0001
2 0.375 0.020 37 1.117 0.0001
3 0.375 0.020 38 1.117 0.0001
4 0.375 0.020 39 1.117 0.0001
5 0.375 0.020 40 0.203 0.715
6 0.750 102.0 41 1.117 0.381
7 0.938 0.250 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25
14 0.052 0.024 49 0.818 96.0
15 0.052 0.024 50 0.818 96.0
16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.620 55 0.622 41.25
21 1.117 37.283 56 0.352 0.063
22 1.117 0.0001 57 0.093 0.625
23 1.117 0.0001 58 0.818 1.750

*24 1.117 0.0001 59 0.818 108.0
25 1.117 0.0001 60 0.818 90.0
26 1.117 0.0001 61 0.818 132.0
27 1.117 0.0001 62 0.622 41.25
28 1.117 0.0001 63 0.622 41.25
29 1.117 0.0001 64 0.818 1.50
30 1.117 0.0001 65 0.0001 0.0001
31 1.117 0.0001 66 0.0001 0.0001
32 1.117 0.0001 67 0.0001 0.0001
33 1.117 0.0001 68 0.0001 0.0001
34 1.117 0.0001 69 0.0001 0.0001
35 1.117 0.0001 70 0.0000 0.0000
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Table X

Case 8

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.375 0.020 36 1.117 0.0001
2 0.375 0.020 37 1.117 0.0001
3 0.375 0.020 38 1.117 0.0001
4 0.375 0.020 39 1.117 0.0001
5 0.375 0.020 40 0.203 0.715
6 0.750 102.0 41 1.117 0.381
7 0.938 0.250 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25
14 0.052 0.024 49 0.818 96.0
15 0.052 0.024 50 0.818 96.0
16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.620 55 0.622 41.2521 1.117 37.283 56 0.352 0.063

22 1.117 0.0001 57 0.093 0.625
23 1.117 0.0001 58 0.818 1.750
24 1.117 0.0001 59 0.818 108.0
25 1.117 0.0001 60 0.818 90.0
26 1.117 0.0001 61 0.818 132.0
27 1.117 0.0001 62 0.622 41.25
28 1.117 0.0001 63 0.622 41.25
29 1.117 0.0001 64 0.818 1.50
30 1.117 0.0001 65 0.0001 0.0001
31 1.117 0.0001 66 0.0001 0.0001
32 1.117 0.0001 67 0.0001 0.000133 1.117 0.0001 68 0.0001 0.0001

34 1.117 0.0001 69 0.0001 0.0001
35 1.117 0.0001 70 0.120 0.672
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Table XI

Case 9

Line Diameter Length Line Diameter Length
_._in. in. in. in.

1 0.375 0.020 36 1.117 0.0001. 2 0.375 0.020 37 1.117 0.0001
3 0.375 0.020 38 1.117 0.0001
4 0.375 0.020 39 1.117 0.0001
5 0.375 0.020 40 0.203 0.715
6 0.750 102.0 41 1.117 0.381
7 0.938 0.250 42 1.117 49.45
8 0.938 0.625 43 0.696 0.063
9 0.189 532.50 44 1.117 151.5

10 0.818 103.50 45 0.622 53.25
11 1.117 0.024 46 0.622 53.25
12 0.052 0.024 47 0.622 53.25
13 0.052 0.024 48 0.622 53.25
14 0.052 0.024 49 0.818 96.0

;: 15 0.052 0.024 50 0.818 96.0
16 0.052 0.024 51 0.818 4.375
17 1.117 198.0 52 0.818 1.652
18 0.696 0.063 53 0.818 1.50
19 1.117 198.0 54 0.622 41.25
20 1.117 0.620 55 0.622 41.25
21 1.117 37.283 56 0.352 0.063
22 1.117 0.0001 57 0.093 0.625
23 1.117 0.0001 58 0.818 1.750
24 1.117 0.0001 59 0.818 108.0
25 1.117 0.0001 60 0.818 90.0
26 1.117 0.0001 61 0.818 132.0
27 1.117 0.0001 62 0.622 41.25
28 1.117 0.0001 63 0.622 41.25
29 1.117 0.0001 64 0.818 1.50
30 1.117 0.0001 65 0.0001 0.0001
31 1.117 0.0001 66 0.0001 0.0001
32 1.117 0.0001 67 0.0001 0.0001
33 1.117 0.0001 68 0.0001 0.0001
34 1.117 0.0001 69 0.0001 0.0001
35 1.117 0.0001 70 0.043 0.672
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Table XII

ASTF Case 1

,.4

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.0001 0.0001 37 51.34 3.59
2 0.0001 0.0001 38 54.84 3.59
3 0.0001 0.0001 39 65.46 3.59
4 0.0001 0.0001 40 76.92 3.59
5 0.0001 0.0001 41 95.82 3.59
6 180 180 42 264 158
7 108 84 43 258.67 24
8 108 84 44 264 52
9 72 1065 45 228 102

10 180 207 46 156 102
11 264 0.0001 47 120 213
12 0.0001 0.0001 48 120 213
13 0.0001 0.0001 49 180 192
14 0.0001 0.0001 50 180 192

" 15 48 65 51 108 84
16 48 54 52 108 84
17 264 462 53 108 0.0001
18 258.67 24 54 108 0.0001
19 264 306 55 108 0.0001
20 78.57 3.59 56 108 0.0001
21 70.38 3.59 57 108 0.0001
22 64.65 3.59 58 108 0.0001
23 59.73 3.59 59 180 216
24 55.65 3.59 60 180 264
25 52.38 3.59 61 156 102
26 49.11 3.59 62 156 102
27 48.27 3.59 63 0.0001 0.0001
28 47.56 3.59 64 0.0001 0.0001
29 45.84 3.59 65 0.0001 0.0001
30 45.00 3.59 66 0.0001 0.0001
31 45.00 3.59 67 0.0001 0.0001
32 45.00 3.59 68 0.0000 0.0000
33 45.00 3.59 69 30 54
34 45.00 3.59 70 0.0001 0.0001
35 45.84 3.59 71 24 61
36 47.46 3.59 72 0.0001 0.0001
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Table XIII

ASTF Case 2

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.0001 0.0001 39 65.46 3.59
2 0.0001 0.0001 40 76.92 3.59
3 0.0001 0.0001 41 95.82 3.59
4 0.0001 0.0001 42 264 158
5 0.0001 0.0001 43 258.67 24
6 180 180 44 264 52
7 108 84 45 228 102
8 0.0001 0.0001 46 156 102
9 72 1065 47 120 213

10 180 207 48 120 213
11 264 0.0001 49 180 192
12 0.0001 0.0001 50 180 192
13 0.0001 0.0001 51 108 84

• 14 0.0001 0.0001 52 0.0001 0.0001
15 48 65 53 108 0.0001
16 0.0001 0.0001 54 108 0.0001
17 264 462 55 108 0.0001
18 258.67 24 56 0.0001 0.0001
19 264 306 57 0.0001 0.0001

. 20 78.57 3.59 58 0.0001 0.0001
21 70.38 3.59 59 180 216
22 64.65 3.59 60 156 204
23 59.73 3.59 61 180 264
24 55.65 3.59 62 108 56
25 52.38 3.59 63 108 56
26 49.11 3.59 64 108 56
27 48.27 3.59 65 0.0001 0.0001
28 47.56 3.59 66 0.0001 0.0001
29 45.84 3.59 67 0.0001 0.0001
30 45.00 3.59 68 0.0001 0.0001
31 45.00 3.59 69 0.0001 0.0001
32 45.00 3.59 70 0.0000 0.0000
33 45.00 3.59 71 24 61
34 45.00 3.59 72 0.0001 0.0001
35 45.84 3.59 73 30 54
36 47.84 3.59 74 0.0001 0.0001
37 51.34 3.59 75 48 54
38 54.84 3.59 76 0.0001 0.0001
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Table XIV

ASTF Case 3

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.0001 0.0001 39 65.46 3.59
2 0.0001 0.0001 40 76.92 3.59
3 0.0001 0.0001 41 95.82 3.59
4 0.0001 0.0001 42 264 158
5 0.0001 0.0001 43 258.67 24
6 180 180 44 264 52
7 108 84 45 228 102
8 0.0001 0.0001 46 156 102
9 72 1065 47 120 213

10 180 207 48 120 213
11 264 0.0001 49 180 192
12 0.0001 0.0001 50 180 192
13 0.0001 0.0001 51 108 84

' 14 0.0001 0.0001 52 0.0001 0.0001
15 48 54 53 108 0.0001
16 0.0001 0.0001 54 108 0.0001
17 264 462 55 108 0.0001
18 258.67 24 56 0.0001 0.0001
19 264 306 57 0.0001 0.0001
20 78.57 3.59 58 0.0001 0.0001
21 70.38 3.59 59 180 216
22 64.65 3.59 60 156 204
23 59.73 3.59 61 180 264
24 55.65 3.59 62 108 56
25 52.38 3.59 63 108 56
26 49.11 3.59 64 108 56
27 48.27 3.59 65 0.0001 0.0001
28 47.56 3.59 66 0.0001 0.0001
29 45.84 3.59 67 0.0001 0.0001
30 45.00 3.59 68 0.0001 0.0001
31 45.00 3.59 69 0.0001 0.0001
32 45.00 3.59 70 0.0000 0.0000
33 45.00 3.59 71 30 54
34 45.00 3.59 72 0.0001 0.0001
35 45.84 3.59 73 24 61
36 47.84 3.59 74 0.0001 0.0001
37 51.34 3.59 75 48 65
38 54.84 3.59 76 0.0001 0.0001

B-19



Table XV

ASTF Case 4

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.0001 0.0001 39 65.46 3.59
2 0.0001 0.0001 40 76.92 3.59
3 0.0001 0.0001 41 95.82 3.59
4 0.0001 0.0001 42 264 158
5 0.0001 0.0001 43 190.37 24
6 180 180 44 264 52
7 108 84 45 228 102
8 0.0001 0.0001 46 156 102
9 72 1065 47 120 213

10 180 207 48 120 213
11 264 0.0001 49 180 192
12 0.0001 0.0001 50 180 192

N 13 0.0001 0.0001 51 108 84
14 0.0001 0.0001 52 0.0001 0.0001
15 48 54 53 108 0.0001
16 0.0001 0.0001 54 108 0.0001
17 264 462 55 108 0.0001
18 190.37 24 56 0.0001 0.0001
19 264 306 57 0.0001 0.0001
20 78.57 3.59 58 0.0001 0.0001
21 70.38 3.59 59 180 216
22 64.65 3.59 60 156 204
23 59.73 3.59 61 180 264
24 55.65 3.59 62 108 56
25 52.38 3.59 63 108 56
26 49.11 3.59 64 108 56
27 48.27 3.59 65 0.0001 0.0001
28 47.56 3.59 66 0.0001 0.0001
29 45.84 3.59 67 0.0001 0.0001
30 45.00 3.59 68 0.0001 0.0001
31 45.00 3.59 69 0.0001 0.0001
32 45.00 3.59 70 0.0000 0.0000
33 45.00 3.59 71 30 54
34 45.00 3.59 72 0.0001 0.0001
35 45.84 3.59 73 24 61
36 47.84 3.59 74 0.0001 0.0001
37 51.34 3.59 75 48 65
38 54.84 3.59 76 0.0001 0.0001
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Table XVI

ASTF Case 5

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.0001 0.0001 39 65.46 3.592 0.0001 0.0001 40 76.92 3.59
3 0.0001 0.0001 41 95.82 3.59

4 0.0001 0.0001 42 264 158
5 0.0001 0.0001 43 190.37 24
6 180 180 44 264 52
7 108 84 45 228 102
8 0.0001 0.0001 46 156 102
9 72 1065 47 120 213

10 180 207 48 120 213
11 264 0.0001 49 180 192
12 0.0001 0.0001 50 180 192
13 0.0001 0.0001 51 108 84
14 0.0001 0.0001 52 0.0001 0.0001

> 15 48 54 53 108 0.0001
16 0.0001 0.0001 54 108 0.0001
17 264 462 55 108 0.0001
18 182.90 24 56 0.0001 0.0001
19 264 306 57 0.0001 0.0001
20 78.57 3.59 58 0.0001 0.0001
21 70.38 3.59 59 180 216
22 64.65 3.59 60 156 204
23 59.73 3.59 61 180 264
24 55.65 3.59 62 108 56
25 52.38 3.59 63 108 56
26 49.11 3.59 64 108 56
27 48.27 3.59 65 0.0001 0.0001
28 47.56 3.59 66 0.0001 0.0001
29 45.84 3.59 67 0.0001 0.0001
30 45.00 3.59 68 0.0001 0.0001
31 45.00 3.59 69 0.0001 0.0001
32 45.00 3.59 70 0.0000 0.0000
33 45.00 3.59 71 30 54
34 45.00 3.59 72 0.0001 0.0001
35 45.84 3.59 73 24 61
36 47.84 3.59 74 0.0001 0.0001
37 51.34 3.59 75 48 65
38 54.84 3.59 76 0.0001 0.0001
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Table XVII

ASTF Cases 6-10

Line Diameter Length Line Diameter Length
in. in. in. in.

1 0.0001 0.0001 39 65.46 3.59
2 0.0001 0.0001 40 76.92 3.59
3 0.0001 0.0001 41 95.82 3.59
4 0.0001 0.0001 42 264 158
5 0.0001 0.0001 43 258.67 24
6 180 180 44 264 52
7 108 84 45 228 102
8 0.0001 0.0001 46 156 102
9 72 1065 47 120 213

10 180 207 48 120 213
11 264 0.0001 49 180 192
12 0.0001 0.0001 50 180 192
13 0.0001 0.0001 51 108 84
14 0.0001 0.0001 52 0.0001 0.0001

• 15 48 54 53 108 0.0001
16 0.0001 0.0001 54 108 0.0001
17 264 462 55 108 0.0001
18 258.67 24 56 0.0001 0.0001
19 264 306 57 0.0001 0.0001
20 78.57 3.59 58 0.0001 0.0001
21 70.38 3.59 59 180 216
22 64.65 3.59 60 156 204
23 59.73 3.59 61 180 264
24 55.65 3.59 62 108 56
25 52.38 3.59 63 108 56
26 49.11 3.59 64 108 56
27 48.27 3.59 65 0.0001 0.0001
28 47.56 3.59 66 0.0001 0.0001
29 45.84 3.59 67 0.0001 0.0001
30 45.00 3.59 68 0.0001 0.0001
31 45.00 3.59 69 0.0001 0.0001
32 45.00 3.59 70 31 0.0001
33 45.00 3.59 71 30 54
34 45.00 3.59 72 0.0001 0.0001
35 45.84 3.59 73 24 61
36 47.84 3.59 74 0.0001 0.0001
37 51.34 3.59 75 48 65
38 54.84 3.59 76 0.0001 0.0001
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. UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

The dynamic response of a scale model of the Aeropropulsion
Systems Test Facility (ASTF) air supply ducting was determined
experimentally over a frequency range from 20-200 Hz. Blocked lines
with no flow and orifice 'terminated lines with a mean flow were used.
The experiments examined the effects of signal input on three
different lines and of using different size venturis. Gain and phase
were measured upstream of the venturi ana at the end of the line.

The experimental results were compared with the results oT a
computer program based on Nichols' theory as modified by Krishnaiyer
and Lechner. With few exceptions, the gains were predicted within
+5 dB, and phase angles within +10%. This agreement between-
theory and experiment verified that the theory can be applied
successfully to large, complex systems and that the computer program
was running properly.

The verified program was then applied to the full-scale ASTF air
supply and results analyzed. The ASTF results show higher gains at
low frequencies and no reduction in the average gain with frequency.

* This was as expected for the large ASTF ducting, which ranges from
S-22 ft in diameter.
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